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SUMMARY

Despite huge variations during the course of a typical day, the low-level summertime

winds over the southern Great Plains of the United States retain the coherent, jet-like

structure of the nighttime hours even after they are averaged over an entire daily cycle.

The 15-year mean climatological flow determined numerically by the DAO's GEOS-1

Data Assimilation System agrees well with other types of observations of the low-level

jet over the Great Plains (the GPLLJ).

The year-to-ye_ variability of the GPLLJ is much less than its variability during the

course of a day, a week, or a month and much weaker than the average flow itself. The
..

year-to-year variability is largest in three places: over eastern Texas tothe east and to

the south of the place where the flow is strongest, over the western Gulf of Mexico, and

over the upper Great Plains (UGP) near the Nebraska and South Dakota.

Much of the variability over Texas comes from an alternating-year fluctuation which

occurs only during the first six years of the analysis period. This intermittent biennial

oscillation (IBO) seems to be dynamically tied to alternating-year fluctuations in local

ground wetness and surface temperatureduring this six-year period. A second pattern of

variability, the continental convergence pattern (CCP), couples the flow over Texas with

that over the UGP. The CCP is revealed only when the IBO is statistically removed from

the data set. The CCP also has connections with variability of the North American

Monsoon and the flow over the southwestern United States.

The typical duration of the abnormal low-level flow patterns that are responsible for

the year-to-year differences grows toward the south over the continent from 2 to 3 weeks

over the UGP to 6 to 7 weeks over eastern Texas. _
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ABSTRACT

Despite the fact that the low-level jet of the southern Great Plains (the GPLLJ) of the

U. S. is primarily a nocturnal phenomenon that virtually vanishes during the daylight

hours, it is one of the most persistent and stable features of the low-level continental flow

during the warm-season months, May through August. We have first used significant-

level data to validate the skill of the GEOS-1 Data Assimilation System (DAS) in

•realistically detecting this jet and inferring its structure and evolution. We have then

carried out a 15-year reanalysis with the GEOS-1 DAS to determine and validate its

climatology and mean diurnal cycle and to study its interannual variability.

Interannual variability of the GPLLJ is much smaller than mean diurnal and random

intraseasonal variability and comparable in magnitude, but not location, to mean seasonal

variability. There are three maxima of interannual low-level meridional flow variability

of the GPLLJ over the upper Great Plains, southeastern Texas, and the western Gulf of

Mexico. Cross-sectional profiles of mean southerly wind through the Texas maximum

remain relatively stable and recognizable from year to year with only its eastward flank

showing significant variability. This variability, however, exhibits a distinct, biennial

oscillation during the first six years of the reanalysis period and only then.

Each of the three variability maxima corresponds to a spatially coherent, jet-like

pattern of low-level flow interannual variability. There are three prominent modes of

interannual variability. These include the intermittent biennial oscillation (IBO), local to

the Texas maximum. Its signal is evident in surface pressure, surface temperature,

ground wetness and upper air flow, as well. A larger-scale continental convergence

pattern (CCP) of covariance, exhibiting strong anti-correlation between the flow near the

Texas and the upper Great Plains variability maxima, is revealed only when the IBO is

removed from the interannual time series. A third, subtropical mode of coVariance is

associated with the Gulf of Mexico variability maximum.
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Significantinterannualanti-correlationsof the southeasterlyflow over the

Arizona/NewMexico regionwith theCCPandthe subtropicalmodeareenhancedwhen

restrictedto themonthof July. Theseanti-correlationsmayrelateto anobservedout-of-

phaseprecipitationrelationshipbetweentheGreat-PlainsandthesouthwesternU. S.

Thetypical durationof interannuallow-levelmeridionalwind anomalieswithin a

givenseasonincreasesover thecontinentwith decreasinglatitudefrom 2 to 3 weeksover

theupperGreatPlainsto 6 to 7 weeksovereasternTexas.



1. Introduction

Although the low-level jet of the southern Great Plains (GPLLJ) of the U. S. is

primarily a nocturnal phenomenon that virtually vanishes during the daylight hours, it is,

on longer time scales, one of the most persistent and stable features of the continental

low-level flow during the warm-season months, May through August. Bonner (1968)

first presented a climatology of the GPLLJ phenomenon by using 2 years of rawinsonde

station reports. Bonner and Paegle (1970) further documented the diurnal cycle in the

low-level wind at Ft. Worth Tex. from 11 years of data. Whiteman et al. (1997) later

pointed out the importance of height and time resolution in observing the LLJ by

developing a climatology for north-central Oklahoma based on two years of 8-times-a-

day research rawinsonde data.

Mitchell et al. (1995) presented a warm-season (May through August) GPLLJ

climatology by using 2 years of hourly observations from the Wind Profiler

Demonstration Network. Arritt et al. (1997) later used hourly observations from that

same network, now known as the NOAA Wind Profiler Network, to establish a 6-month

climatology for the year 1993. They pointed out that the inability of the profiler to make

soundings below 500 m might result in the underestimation of LLJ frequency and

strength. Anderson and Arritt (2001) extended this data into a seven-year climatology for

the summer months June-August for the years 1992-1998.

Helfand and Schubert (1995) carried out a two-month simulation of the springtime

GPLLJ with the NASA/DAO GEOS-1 GCM and obtained low-level wind fields with

vertical and temporal structures, directionality and climatological distributions that

compared favorably with the Bonner climatological data set despite the disparity in the

averaging periods. They also examined the role of the GPLLJ in the moisture budget of

the United States and found that the it transported as much as 1/3 of the moisture that

entered the continental U. S., most of it during the night time. What is more important,



theyfoundthatthevariability of theGPLLJ,largelydeterminedby thevariability of its

strongnight-timephase,is closelytiedto thevariability of the continentalmoisture

budget. Ghanet al. (1996)foundthattheECMWF andNCAR's CCM2 GCMsalso

simulatedtheGPLLJratherwell, butwith very differentspatialdistributions.

Higginset al. (1996)comparedassimilationsof thespringtimeGPLLJin five-year

reanalyseswith theGEOS-1andtheNCEP/NCARdataassimilationsystemsand

examinedtherelationshipof theLLJ to theassimilatedmoisturebudgetin each.In both

reanalysisdatasets,theyfoundthatmoisturetransportcomparedfavorablywith

radiosondeobservationsandthattheGPLLJassimilationscapturedthebasictemporal

andstructuralcharacteristicsdocumentedin previousobservationalstudies.Higgins

et al. (1997)carriedout asimilarcomparisonof reanalysesfor thesamefive yearsfor the

summermonthsJunethroughAugust. Theyfounda favorablecomparisonfor the

productsof bothreanalyseswith wind profiler data. Theyalsofound thatthedominant

diurnalsignalin theGreatPlainsprecipitationduringspringandsummeris associated

with jet events.AndersonandArritt (2001)foundthattheNCEP/NCARreanalysis

producedLLJs in apatternwith realisticspatialextentover thecentralU. S.,but with

lessfrequencythanobservedwith theNOAA WindProfiler Network,with too little

extenttowardtheleeof theRockyMountains,andfar too few occurencesof strongjets.

Therewasalsoslightly lessinterannualvariability thanobserved.

Schubertet al. (1997)usedtheNASA/DAO GEOS-1DataAssimilation System

(DAS), describedin Schubertet al. (1993),to carryout astudyto characterizethe

intraseasonalvariability of themoistureflux enteringtheUnitedStatesfrom theGulf of

Mexico. Theyusedacompositingapproachto examinehow low-level wind maximaon
r

different time scales contribute to moisture transport and how the moisture transport, in

turn, interacts with large-scale circulation patterns and precipitation anomalies as

functions of time scale.

The current paper extends the GPLLJ intraseasonal variability study of Schubert
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et al. (1997)to the interannualtimescale.We donotcarryoutanexaminationof the

variability of moisturetransportor precipitationin thecurrentpaperbut leavethat

investigationfor afuturestudyto bebuilt uponthecurrentresults. Section2reviewsthe

formulationof theplanetaryboundarylayer(PBL) in theGEOS-1GCM, validatesthe

ability of theGEOS-1DAS to capturetheevolutionandstructureof theGPLLJand

discussestheDAS integrationthathasbeencardedout for thisstudy. Section3presents

themeandiurnalandseasonalcyclesandthemeanwarm-seasonclimatologyof the

GPLLJfor the 15-yearassimilationandcomparestheclimatologyto independent

observations.It alsoexaminesinterannualvariability of theGPLLJin thecontextof

intraseasonalvariability. In section4 weexamineyear-to-yearpersistenceandstability

of the GPLLJanddiscussabiennialoscillationthatoccursonly during thefirst 6 years

of thereanalysis.Section5 investigatesthespatialcoherenceof interannualanomaliesof

theGPLLJanddelineatescharacteristicmodesof theseanomalies.It alsoinvestigates

anti-correlationof thesemodeswith theflow overthesouthwesternUnited States.In

section6, weexaminethetemporalcoherenceandintraseasonaldurationof interannual

anomaliesof theGPLLJ. We summarizeour resultsin section7.

2. Formulation and validation of the planetary boundary layer and

integration of the GEOS-1 DAS

a. Formulation of the planetary boundary layer parameterization

The vertical structure of the planetary boundary layer (PBL) is explicitly resolved in

the GEOS-1 GCM, which drives the GEOS 1 DAS, into a region of several model layers

that should approximate the physical depth of the PBL. A 100 hPa deep PBL, for

example, would consist of 4 model layers. Turbulent vertical fluxes of momentum, heat



andmoistureeitherwithin thePBL or in disjoint layersof turbulenceaboveit are

parameterizedby thelevel2.5, second-orderturbulenceclosureschemeof Helfandand

Labraga(1988). Thebottomhalf of the lowestlayerof theGCM correspondsto an

atmosphericsurfacelayerfor which wind, temperatureandhumidity profiles andthe

turbulentsurfacefluxesof heat,moisture,andmomentumaremodeledby Monin-

Obukovsimilarity theory. TheAppendixof HelfandandSchubert(1995)further

discussesthelevel2.5turbulenceparameterizationandsurface-layerschemes.

b. Validationof thePBL parameterization

Thevalueof askillful atmosphericdataassimilationsystemis thatit canusethe

atmosphericdatathatis availableto infer additionalinformationthatis not directly

accessible.Determinationof theverticalstructureof thePBL is anexcellentexampleof

suchinferredinformation. Conventionalatmosphericsoundingsatmandatorylevelssuch

as1000hPaand850hPamisstheentirestructureof thePBL andcannotthereforedetect

theexistenceof thenocturnalLLJ, soprevalentovertheGreatPlains. Thusthe

assimilatedlow-level flow structuremustbe largelydrivenby thephysicsof thePBL

parameterization.

We haveobtainedextrasignificant-leveldatato verify the skillfulnessof the

GEOS-1DAS in creatingatime series(Fig. 1)of thestructureof the lower atmosphere

nearFt. Worth,Texasfor themonthof August1993 Theextrasignificant-leveldatawas

notusedin theassimilation. Comparisonof theassimilation(denotedby thecolored

shadingin thefigure)with a separateanalysisthatincorporatedtheextrasignificant-level

databutnot theDAS (denotedby thecontoursin thefigure)indicatesafaithful

reproductionof thediurnalperiodicity of low-levelwind speedsby theDAS anda

reasonablerepresentationof day-to-dayvariability in thestrengthandverticalstructureof



thenocturnaljet. Note, for example,the lackof anocturnaljet in both theassimilation

andthesignificant-levelanalysisfor themorningsof August3, 4, 27,and28aswell as

theenhancedstrengthanddepthof theassimilatedandtheanalyzedjets for August6 and

23. This comparisonvalidatestheskill of theGEOS-1DAS andits PBL

parameterizationto realisticallyinfer thestructureandevolutionof theGPLLJand

providesconfidenceto carryoutanassimilationexperimentfor the studyof theGPLLJ

andits variability.

c. Integrationof theGEOS-1DAS

The GEOS-1DAS (Schubertet al., 1993)wasintegratedfor the 15yearperiod,1980

through1994,at aresolutionof 20latitudeby 2.50longitudewith 20cy-pressurelevelsin

thevertical. Theseinclude5levelsbelow800hPaand7 levelsabove200hPa.

Boundaryconditionsweretakenfrom observationsof sea-surfacetemperatureandoff-

line computationsof soil moisturecarriedoutwith asimplebucketmodelfrom monthly

meanobservedsurfaceair temperatureandprecipitationdata(Schemmet al., 1992). All

fields weresavedeverysix simulatedhoursat mandatorypressurelevelsandat themodel

(_-levelsto minimizeboth theerrorsandthelossof informationintroducedby

interpolationandsampling.This is particularlyimportantfor resolvingthelow-leveljet,

which is confinedto thelowestkilometerandhasa strongdiurnal component.



3. Climatology and natural variability of the GPLLJ

a. The mean diurnal cycle of the GPLLJ

The low-level flow over the continental United States exhibits significant variability

over a number of different time scales, in the GEOS-1 15-year reanalysis data set, from

the diurnal to the multi-annual. These variations include regular diurnal and seasonal

cycles and irregular fluctuations on all time scales. The mean diurnal cycle has been

computed by taking the 1845-day average of jet frequency and winds for 15 warm

seasons (May-August) at each of four synoptic times (Fig. 2). This cycle is strongest

over the southern Great Plains, where Bonner criterion-1 jets (wind speed maximum

> 12 m s -1, with a decrease of at least 6 m s-1, see Bonner, 1968) occur at least 50% of the

time during the nocturnal hours over an elongated region from northern Mexico to the

Oklahoma Panhandle and then disappear during the daytime. Peak values reach as high

as 70% at 0600 UTC (or 0000 LST) and 60% at 1200 UTC (0600 LST), at which time

the region begins to contract. Low-level (or- .97, approximately 250 m above the

ground) winds accelerate and rotate clockwise during the night to peak southerly values

of 11 m s -1 in the Texas Panhandle (at 0600 UTC) and in the Big Bend region (at

1200 UTC) and then nearly vanish over the continent by local noontime (0600 UTC)

each day.

Curiously, a pair of jet maxima also appears in the low-level northerly flow over the

eastern Pacific Ocean just off the continental coast. They exhibit weaker diurnal signals

than the GPLLJ because they occur over ocean. Helfand and Schubert (1995) have seen

these jets in simulations with the GEOS-1 GCM and have discussed possible

observational evidence for them. Additional observational evidence for the northern

California jet has been presented by Beardsley et al. (1987), Zemba and Friehe (1987),

Dorman et al. (1999), and Parish (2000).



b. Themeanclimatologyof theGPLLJ

Despitethe largedaily excursions,theseasonalmeanflow overthesouthernGreat

Plainstakesonthecoherentcharacterof thenocturnaljet-like structure,butwith weaker

amplitude.Themeanlow-level southerlywind reachesamaximumof about7.4 m s -1

(Fig. 3a) over west-central Texas. Mean criterion-1 jet frequency (Fig. 3b) exceeds 30%

in a curved region connecting a series of relative maxima at the northeast comer of the

Texas Panhandle, near the Big Bend of the Rio Grande, and just south of the Mexican

border and west of Brownsville, Texas (not indicated with the present contour interval).

The "_" .-No, u_m Ca!ifomia Jet is as nlso quite evident in the time mean, while the Baja

California Jet is less distinct.

This assimilated Great Plains frequency pattern for the warm season is weaker than

that obtained by Helfand and Schubert (1995) in their 2-month LLJ simulation, and it is a

narrower and more extended pattern with multiple relative maxima. The assimilated jet

off the California coast is also located further to the north. This pattern is in better

agreement with the original Bonner (1968) 2-year, 12-month climatology, with it's north,

northeastward leaning axis, its 30% maximum near the Texas and Oklahoma Panhandles,

and its secondary maximum near Brownsville Texas, than was the 2-month simulation by

Helfand and Schubert (1995).

Comparison of seven years (1992-1998) of nocturnal wind profiler observations for

June through August (Anderson and Arritt, 2001, Fig. 2), with the 15-year climatology

for that period (Fig. 4) suggests a high bias for the reanalysis of about 15% in thecentral

Great Plains (between about 320 and 44°N), even in the lee of the Rockies, at 0600 UTC

and an even higher bias over western Kansas and the Texas and Oklahoma Panhandles at

1200 UTC, but with a contraction of the frequency peak toward the southern Great

Plains, as occurs in the observations. However, the profiler observations are subject to a

low bias because they cannot see wind maxima that occur below 500 m (Arritt et al.,



1997). Whitemanet al. (1997)found,in fact, thatBonnercriterion-1LLJsoccurred

about50%of thetime atboth0500UTC and1100UTC (seetheirFig. 3a)duringtwo

warm seasonsover theARM SGPCART siteneartheNebraskaborder(denotedby the

"X"s in ourFig. 4), in excellentagreementwith thecurrentresults.

c. Variability dueto themeandiurnalandseasonalcyclesof theGPLLJ

Themeanseasonalcyclefor thewarm season,obtainedby taking 15-yearaverages

for eachof thefour monthsof thewarmseason(Fig. 5),varieslessdramaticallyin the

GreatPiainsregionthandoesthediurnalcycle,butstill quite_"_ :_'"_"__l_n._l_,_,,dy.Peaklow-

level southerlywinds increasenoticeablyfrom 5.9m s-1in May to 8.5rn s-1in Juneand

July andthendecreaseslightly to 7.0 m s -1 in August. The maximum shifts slightly

westward and northward from May to August as the zone of southerlies narrows and

elongates. Maximal jet frequencies increase from 31% in May to 37% in July and then

decrease again in August, with a continuous shift in the position and a split into two

separate peaks by August.

The amplitude of the mean diurnal cycle, defined as the standard deviation of

departures at the four synoptic times from the 15-year mean, take on their largest values

(Figs. 6a and c) in the central to southern Great Plains and in eastern Mexico, nearly

coincident with the mean field maxima of the GPLLJ. These standard deviations range

from about half as large as the magnitudes of the mean fields themselves to slightly

larger.

The similarly defined amplitude of the mean seasonal cycle is considerably weaker

over the GPLLJ region than that for the diurnal cycle" only about 30% as strong for

meridional wind (Fig. 6b) and only about 25% as strong for jet frequency (Fig. 6d). The

maxima are located in the subtropics, at the flanks of the mean jet pattern, with the
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maximumfor meridionalwind speedextendinginto themid-continent.Thesemaxima

seemto reflect thecontractionfrom theGulf of Mexico of theGPLLJandits western

expansionastheseasonprogresses.

d. Comparisonof interannualvariabilitywith regularandrandomintraseasonal

variability

At this point,wewill focusonnatural,irregularfluctuationsof thelow-level

southerlywind only andnot onthoseof LLJ frequencybecausewind strengthvaries

moresmoothlyin time andspaceandin amplitude,andbecauseit is abettermeasureof

thetransportof moistureandwill thereforebe importantto our future investigationof the

LLJ'scontributionto thevariability of themoisturebudgetover thecentralU. S.

Standarddeviationson thesynoptictime scale(periodsmorethanadayandup to 8

days;seeAppendixA for thecomputationof thestandarddeviationsof this section)

haveamaximumover thenorthernGreatPlainsneartheSouthDakota_ebraskaborder

(Fig. 7a),wherethemeanmeridionalwindfield is small. As thetime scaleof therandom

fluctuationsincreasesto thesuper-synoptic(periodsmorethan8 daysandup to a month,

with themeanseasonalcycle removed,Fig. 7b)to theseasonal(periodsmorethana

monthandup to aseason,with themeanseasonalcycleremoved,Fig. 7c; notethe

changein contourinterval) to interannual(the standarddeviationof theseasonalmeans,

Fig. 7d), thepeaksof thesefluctuationsadvanceduesouthwardover theGreatPlainsto

Nebraska/Kansas,Oklahoma,andthenTexasandtheGulf of Mexico andtheir

amplitudesdecreasenoticeably,reflectinga changeof characterfrom extratropical,

weather-relatedchangesin flow patternto slower,subtropicaladjustmentsto themean

climatology.
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Note thattherearethreemaximaof interannualvariability of theGPLLJ" a 1.1m s -1

peak over southeastern Texas, to the east and south of the mean velocity peak, a 1.0 m s -1

peak over the western Gulf of Mexico, and a .9 m s -1 peak in the upper Great Plains

(UGP) near the Nebraska/South Dakota border. We shall see in a later section of this

paper that the typical period of coherence of a climate anomaly increases over the

continent from 2 to3 weeks over the UGP to 6 to 7 weeks over eastern Texas.

Standard deviations of the interannual variability of the GPLLJ (Fig. 7d) are small

compared to the magnitudes of the mean fields themselves and compared to diurnal and

synoptic-scale fluctuations. Peak standard deviations are only about 15% as large as peak

values of the mean field itself. Local values of this ratio range from about 10% to 25%

over the southern Great Plains and northeastern Mexico. The interannual standard

deviations of the GPLLJ compare in magnitude, but not in geographical location, to those

of the mean seasonal cycle: the interannual variations are largest precisely in the gaps

between the seasonal maxima, a few degrees to the east and to the south of the GPLLJ.

Random, non-cyclical fluctuations on the seasonal time scale (Fig. 7c) are slightly larger

than the interannual variations and are more nearly collocated.

4. Year-to-year stability of the meridional flow and the intermittent

biennial oscillation

a. Year-to-year stability

Because interannual variability of the GPLLJ is so relatively small, its structure is

quite persistent from year to year, as can be seen for example, in the zonal cross sections

of seasonally averaged, low-level meridional wind at 30°N, the latitude where the largest

variability peak occurs, in Fig. 8a. A pronounced jet structure consistently occurs during
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eachyearof the 15-yearreanalysisin thevicinity of 102.50W.Themeridionalvelocity

peakoccasionallybecomesdisplacedoneor two degreeseastward,but thestructureof

thejet is stableandeasilyrecognizablein eachyearof thedataset. Theprofile to the

westof thepeakis surprisinglyconsistentfrom yearto yearwith amaximalspreadfrom

.minimumto maximumof only about30%of themeanvalue. Theeastwardflank of the

jet canvary in spreadby 75%of themeanvalueor, alternatively,it canvary in width by

a factorof aslargeastwo.

The 15crosssectionshavebeenrepeated,5 or 6 at atime,for bettervisibility in

Figs.8b-dwith thesamesequenceof line types,weights,andmarkingsandlabeledby

year. Noticeamarkedbiennialoscillationof theprofilesduringthefirst six years(1980-

85) of thedataset(Fig. 8b)between95°Wand97.5°Wwhichfadesinto slowerand

weaker3- to 4-yearfluctuationsaftertheseventhyearof thereanalysisdataset.

b. Theintermittentbiennialoscillation

Thegeographicdistributionof themagnitudeof thedetrendedbiennialoscillation

for thefirst six yearsof thereanalysis(seeAppendixB) is presentedin Fig. 9a. This

intermittent biennial oscillation (IBO) is confined to a narrow band over eastern Texas

between about 95°W and 97.5°W and to an equally narrow band to the north of Texas

between Arkansas and eastern Oklahoma. The IBO is largest between 28°N and 30°N,

near the southeastern Texas peak of variability, where the detrended average difference

between the "even" years and the "odd" years reaches nearly 3 m s-1. The oscillation

decreases rapidly both to the north and to the south, becoming barely noticeable by about

420N to the north and by about 22°N to the south. (An IBO is noticeable over the

western Gulf, however, for a shorter, four-year period of intermittency, 1980-83, but

oscillations in the time series in this region then reverse phase from 1983 to 1985.)
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TheIBO overeasternTexasis relatedto biennial oscillationsfrom 1980to 1985in

groundwetness(notshown)andin surfacetemperature(Fig. 9b)oversouthcentral

Texas. Thereappearsto beacleardynamicalrelationshipbetweentheIBO in low-level

flow overeasternTexasandoscillationsoversouthcentralTexasof surfacetemperature

(Tg),groundwetness,andsurfacepressure.Subnormalgroundwetnessin theregion

during the "even"yearsleadstoreducedlatentcoolingof theground. This resultsin

warm surfacetemperaturesandin a narrow,shallowlow in surfacepressure(Fig. 9c)

directly abovethetemperatureanomaly.Togetherwith abroadhigh off theGulf coast,

the low drivesa southerlyjet duringthe"even"yearsovertheflatter terrainto its east.

This relationshipbetweensoil moisture,evaporation,andjet strengthis similar to that

foundin numericalsimulationsby Paegleet al. (1996)andBosilovich andSun(1999).

TheIBO signalremainscoherentall thewayup to the200hPalevel (Fig. 9d),where

thelow-level southerlyjet overeasternTexasmergeswith aweakersurfacejet over

Arizonato form thepolewardbranchof anupperlevel anticyclonicgyre thatcovershalf

of thecontinentalU. S. This200hPajet extendsfrom theGulf of Californiato the

Canadianborder.

Interannualvariability overTexasis dominatedby theIBO. Over 2/3of thevariance

overeasternTexasis directlydueto themeanbiennialoscillationof thefirst six yearsof

thereanalysisperiodsothatonly 55%of thestandarddeviationof interannualvariability

varianceremainsthereafterthis oscillationhasbeenremovedandtherelativemaximum

disappearsfrom thatlocation. Interannualstandarddeviationsovermostotherregions,

including therelativemaximaovertheUGPandtheGulf of Mexico, remainvirtually

unchanged.
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c. Verification of the intermittentbiennialoscillationin otherdatasets

Fig. 5b (thethin line) of apaperby HuandFeng(2000)showsanobviousbiennial

oscillationduring thesummermonthsJune-Augustfor theyears1979-86in thetime

seriesfor a sea-levelpressuregradientindexthatmeasuresthelow-level meridionalflow

neartheTexasreferencepoint. It is interestingthat thebiennialnatureof thisoscillation

disappearsat slightly higherelevations.(Thethin line of Fig. 5ashowsanindexfor the

averageof the850hPaandthe925hPaflows.)TheIBO for thewarm-seasonmonthsfor

theyears1979through1986canalsobeseenin the925hPameridionaIwinds in the

NCEP/NCARreanalysisdataset,eventhoughthecy- .97windsin theGEOS-1product

andthe925hPawinds in theNCEP/NCARproductareevaluatedatdifferentheights

abovetheground. TheIBO canbeseenaswell in theNCEP/NCAR200hPaheightsand

winds.

5. Spatial coherence of GPLLJ variability

a. Spatial covariances

The characteristics of the flow in the proximity of the interannual variability maxima

over the UGP, Texas, and the Gulf of Mexico can be further analyzed by looking at

patterns of spatial coherence. Interannual covariances have been computed between

meridional winds at reference points (420N, 97.5Ow; 300N, 97.50W; and 22°N, 95Ow;

respectively) for each of the three maxima and wind components at all grid points in the

domain. The covariances, shown in Fig. 10a-c as contours for the meridional wind

component and as wind vectors, have been normalized by dividing by the interannual
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standarddeviationof meridionalwind for therelevantreferencepoint to obtainunitsof

velocity.

A local, spatiallycoherent,jet-like patternof approximately10° width and10oto

150lengthdominatesthecovariancepatternfor eachreferencepoint. Thedark (light)

shadingindicatesthe99%(95%)confidenceinterval,basedon theuseof theFisher

z-transform(seevon StorchandZwiers,1999,p. 148),for pointwisecorrelationof the

meridionalflow with thereferencepoint. Interannualcovarianceswith theUGPandGulf

of Mexico pointsdefinecontinental-scalepatternsincludingsignificantanti-correlations

with oneanother(atthe95%confidencelevel) andsignificantcorrelations(upto the

99%confidence!eve!)with theflow alongtheTexascoastandthatover theregionof the

NorthAmericanMonsoonSystem(NAMS). In addition,bothpointshavenoticeable

covarianceswith themeridionalflows off thecoastsof northernandBajaCaliforniaand

with thezonalflows overtheMexicanPlateau,thesoutheasternU. S.,andtheadjacent

Atlantic Ocean.TheUGPpointhassignificantanti-correlations,aswell, overLouisiana,

Florida,andtheMidwest while theGulf point exhibitsnoticeablecovarianceswith the

flows overthenorthernGulf of Mexico,theTexasPanhandle,theNorthwest,andeastof

thesubtropicalPacificHigh.

On theotherhand,only very limited nonlocalfeaturesappearin thepatternfor the

Texasreferencepoint, includingaweakanti-correlation(northerlycovariances)with the

flow neartheUGPpoint,weakwesterlycovariancesover theMexicanPlateau,the

RockyMountains,the OhioRiver Valley, thesoutheasternU. S.andadjacentAtlantic

Ocean,andaweakeasterlycovarianceoverthesouthernGulf of Mexico. This

covariancepatternhighly resemblestheIBO shownin Fig. 9aover thesouthernGreat

Plainsbut doesnot sharethefeaturesof theIBO in thewesternU. S.or off thePacific

coast.
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b. Removalof theIBO

Thenormalizedinterannualcovariancesof low-levelmeridionalflow with theTexas

referencepoint changedramatically(Figs.10e)whenoneappliesa filter thatremovesthe

meanof thebiennialoscillationfor 1980-85from thefirst six yearsof all time series(see

AppendixB). Thisremovalof theIBO revealsacontinental-scalecovariancepattern

with decreased,but still highly significant(atthe99%level),covariancesoverTexasand

thesurroundingarea.Thecovariancemaximumshiftsincrementallyto theeast.

CovariancesovertheUGPbecomeintensified(theyareevenstrongerthancovariances

over thereferencepoint), broader,andsignificantto the99%level. Significant

meridionalwind covariancesalsobecomerevealedoverthewesternGulf of Mexico, the

NAMS region,theMidwest, andthePacificNorthwest.

Interannualcovariancesfor theUGPreferencepoint (Fig. 10d),on theotherhand,

arelargelyunaffectedby removalof theIBO exceptovereasternTexas,wherethe

confidencelevel reaches99%. Thecovariancemaximumin thisregionshiftstoward,but

doesnotquitereach,theTexasreferencepoint.

Thepatternof covarianceswith theTexaspoint nearlymatchesthatwith theUGP

point overmostof thecontinentandevenover thewesternGulf of Mexico except,of

course,for areversalof phase.Thestrikingsimilarity of thispair of patternssuggestthat

short-term,local disturbances,suchastheIBO, maskanaturalpatternof interannual

variability over thecontinent.

Interannualcovarianceswith theGulf of Mexico referencepoint (Fig. 10f) remain

mostlyunchangedexceptfor a slightincreasein magnitudeandsignificanceovereastern

Texas.
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c. Covarianceswith surfacepressure

It is perhapseasierto visualizethesimilarity of theinterannual-minus-IBO

covariancepatternsfor theUGPandtheTexaspointsby looking atpatternsof

normalizedsurfacepressurecovariancewith thosepoints(Figs. 10gandh). Thesetwo

patternshavenearlyidenticalfeatures,but with oppositephase: asharp,narrowhigh

(low) sitsover thenorthernGreatPlainsandabroadhigh (low) overtheGulf of Mexico,

while anearlycontinent-widetrough(ridge)connectslows (highs)overTexas/New

Mexico andGreatLakes. This trough(ridge)helpsto divide thelow-levelcontinental-

scaleflow into aconvergent(divergent)patternof northerlies(southerlies)in thenorthern

GreatPlainsandsoutherlies(northerlies)overeasternTexasandthewesternGulf of

Mexico. We will thusdesignatethis commonpatternof covariancefor theUGPand

Texasreferencepointsasthecontinental convergence pattern (CCP). The low (high)

over Texas/New Mexico helps to explain the anti-correlation between southerly flow

over eastern Texas and southeasterly flow over Arizona_ew Mexico.

The pattern of interannual-minus-IBO surface-pressure covariance with the Gulf of

Mexico point (Fig. 10i) is generally similar to that for the UGP point (but with opposite

phase) in that it is dominated by a Rocky Mountain low along an axis from southern

Texas to northern Idaho adjacent to highs over the northern Great Plains and the Gulf of

Mexico. The Rockies low, however, is more elongated and displaced northward over

northern Utah. The Gulf of Mexico high is stronger and more zonally-symmetric,

extending into Baja California and the Pacific Ocean. The high in the northern Great

Plains is deeper and broader, and the low over the Great Lakes is absent so there is little

sense of continental-scale convergence. This covariance pattern is clearly quite distinct

from the CCP or the IBO pattern. Because it is more clearly defined over the subtropics

south of about 32°N, we will designate this third pattern as the subtropical mode of
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covariance,eventhoughit alsoexhibitsimportantcovariancesover thenortherntier of

theU. S.

d. Anti-correlationwith theflow oversouthwesternU. S.

Theinterannualanti-correlationbetweenlow-level flow overArizona_ew Mexico

andthatoverlower GreatPlainsin theCCPandsubtropicalmodesmayverywell

correspondto anout-of-phaseinterannualcorrelation,establishedby Higgins et al.

(1998),betweentheseasonally-averagedprecipitationin thesouthwesternU. S.andthat

overtheGreatPlains. Hu andFeng(2000)haveshowna stronglinkagebetween

interannualfluctuationsin thestrengthof theGPLLJandin summertimeprecipitation

overthecentralU. S.,andCarleton(1986),Douglas(1995),andStensrudet al. (1995)

suggestthatarelationshipmayexistbetweenthestrengthof theGulf of CaliforniaLLJ

andsouthwestmonsoonprecipitation.While the2oby 2.5ogrid of theGEOS-1DAS

cannotproperlyresolvetheGulf of California,the significant(up to the99%confidence

level) interannualanti-correlationbetweensoutheasterlyflow alongthewesternslopesof

thesouthernRockieswith thesoutherlyflow over thelower GreatPlainssuggestsanout-

of-phasedynamicalrelationshiprelatedto theobservedout-of-phaseprecipitation

relationship.

Becausethesouthwestmonsoondoesnot beginuntil mid way throughthewarm

season,aroundthebeginningof July,wehavealsocalculatednormalizedinterannual

covarianceof monthly anomalies of low-level flow with the Texas reference point

(Fig. 11). We have found somewhat stronger anti-correlations for the month of July than
..

for seasonal anomalies (and statistically significant at the 99% confidence level) over

both the NAMS region and the UGP but no significant covariances for any other month.

Results for the other two reference points are similar except that the Gulf point also has
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significant anti-correlationsovertheNAMS andUGPregions(at the95%confidence

level) for themonthof June.

6. Duration and temporal coherence of interannual anomalies

The interannual climatological anomalies do not persist uniformly throughout an

entire season, but fluctuate from month to month and even from week to week. To

estimate characteristic temporal scales of coherence and spatial structures for these

fluctuations, we examine the lag covariance of weekly anomalies of low-level wind from

the mean seasonal cycle with southerly anomalies at the three reference points. These lag

covariances have been computed over the entire 15-year period of the data set and have

been normalized by dividing by the standard deviation of the weeny anomaly at the

reference point. The lag-covariance vectors are shown in Figs. 12-14 for time lags

ranging from minus 4 weeks to plus 4 weeks. Contours are shown only for the

meridional wind component, and statistical significance for the meridional component is

indicated by the 95% (and 99%) confidence levels in the light (and dark) shading.

The zero-lag weekly covariance patterns (Figs. 12e, 13e, and 14e) are locally similar

to those for season-long anomalies, but with magnitudes two and a half to three times as

large and with broader regions of sig_ficant correlation. There is little mutual flow

covariance between pairs of the reference points at zero lag. The Texas and Gulf points,

however, exhibit significant covariance with the westerly to northwesterly flow over the

Mexican Plateau and over the southwestern U. S. This relationship is similar to that for

interannual anomalies and may relate in the same way to an observed (Mo et al., 1997;

Higgins et al., 1997; and Mo, 2000) inverse intraseasonal rainfall relationship between

the southwestern U. S. and the Great Plains.

Covariances diminish significantly for all three points from zero lag to a lag of plus

or minus one week. Local covariances with the UGP point become statisticalIy
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insignificantby alag of plusor minustwoweeks,indicatingthatthe largestlocal

anomaliestherehaveacoherencetimescaleof only 2 to 3 weeks.Local covariances

with theothertwo referencepointsremainsignificantfor longertimes;covarianceswith

theTexaspoint remainsignificantthroughalag of plusor minusthreeweeks,indicating

acoherencetime scaleof 6 to 7 weeks,while thosewith theGulf point maintaintheir

significancefor plusor minustwo weeks,indicatingacoherencetime scaleof 4 to 5

weeks.

Local covariancesfor the latter tworeferencepointsdonot alwaysdecrease

monotonicallywith increasingtime. Local covariancewith theTexaspointincreases

substantiallyfrom alag of plus (minus)two weeksto alag of plus (rpAnus)threeweeks,

andthenit suddenlyvanishes.Thismaybe theresultof acontinental-scalefeedback

betweensoutherly(northerly)anomaliesoverTexasandnortherly(southerly)anomalies

overtheupperGreatPlainsregionwheretheflow overtheUGPrespondsto thatover

Texaswith a two-weekdelay(Fig. 12dor i3g). Theflow overTexasrespondsin turnto

that overtheUGP with anadditionalone-weekdelay(Fig. i2f or 13d)to givean

additionalsoutherlyaccelerationof theflow overTexasafteranetdelayof threeweeks.

This three-weekresurgenceof correlationmightalsorelateto a 22-dayoscillation

observedby Mo (2000)in summertimeprecipitationandflow patternsoverthe

continentalU. S.

An evenmoresubstantialincreasein localmeridionalcovarianceoccurswith the

_u_ Doint4:.. _ _ ."-'_ ._o._ a lag of p!us (minus) one week to a lag of plus (minus) two weeks This

is followed by a gradual diminution of the anomaly with increasing lag. The tWo-week

resurgence of southerly anomalies over the Gulf seems to relate to a two-week oscillation

in the strength of westerly anomalies over the Mexican Plateau and its impact on the

anticyclonic turning of the mean southeasterly flow over the western Gulf of Mexico.

21



7. Summary

Significant-level data has helped us to validate the ability of the of the GEOS-1 DAS

and its PBL parameterization to represent and therefore to assimilate the structure and

variability of the GPLLJ. We have therefore had the confidence to carry out a 15-year

reanalysis with the GEOS-1 DAS to determine the jet's climatology and mean diurnal

cycle and to study its interannual variability in the context of shorter-term variability.

Despite huge diurnal variations, the mean climatological low-level flow over the

southern Great Plains exhibits a persistent, coherent structure similar to that of the

nocturnal jet. The mean climatology of the reana!ysis is in good general agreement both

with the original two-year rawinsonde climatology of Bonner (1968) and with the more

recent seven-year, nocturnal wind-profiler climatology of Anderson and Arritt (2001),

especially in light of the documentation of the low bias of the wind-profiler data set.

There are also significant low-level, northerly jets, in the GEOS-1 reanalysis, off the

coasts of upper and Baja California. Natural variability of the GPLLJ tends to decrease

in magnitude and shift equatorward as the period of these variations increases from the

synoptic to the super-synoptic to the random seasonal to the interannual time scale. The

typical duration of an interannual anomaly within a given season also increases over the

continent with decreasing latitude from 2 to 3 weeks over the upper Great Plains to 6 to 7

weeks over eastern Texas.

The GPLLJ is a very stable long-term feature of the Great Plains and adjacent Gulf

of Mexico during the warm season. Its three interannual variance maxima are small

relative to mean diurnal variance and to the mean fields themselves and are comparable

in magnitude but not in structure or location to mean seasonal variance. The largest of

the three maxima is located over eastern Texas slightly to the east and to the south of the

mean-flow maximum, and the other two, slightly weaker maxima are located over the

western Gulf of Mexico and in the upper Great Plains near the Nebraska/South Dakota
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border. Cross-sectionalprofiles of meansoutherlywind overcentralTexasrepeata

stableandeasilyrecognizablestructurefrom yearto yearin this regionwith significant

fluctuationsonly to theeastof thevelocity maximum.

This variability, however,exhibitsa distinct,biennial oscillationfor thefirst six

yearsof thereanalysisperiod. TheNCEP/NCARreanalysisdatasetandworkby Hu and

Feng(2000)seemto indicatethatthis IBO mayevenextendto the 8-yearperiod1979-

1986. This loW-levelintermittentbiennialsignalis fairly well localizedto thesouthern

GreatPlains,but it growswith heightinto ananticyclonicgyrethat, by the200hPalevel,

covershalf of thecontinentalU. S.A 200hPasoutherlyjet extendsfrom theGulf of

Ca!ifomiato theCanadianborder. This structureis alsoobservedin theNCEP/NCAR

reanalysisdataset.

Thereappearsto beacleardynamicalrelationshipbetweentheIBO modeover

easternTexasandoscillationsof Tg,groundwetnessandsurfacepressureoversouth

centralTexas. Subnormalgroundwemessleadsto reducedlatentCoolingof theground

resultingin warm surfacetemperal_ures,giving rise to anarrow,shallowpressurelow

which drivesananticylonicflow featuringa southerlyjet to theflatter terrainto its east.

Patternsof interannualcovariancewith themeridionalflow atthreereferencepoints

centeredoverthethreemaximaof interannualvariability of the low-level meridional

wind revealthreeprimary modesof coherentinterannualfluctuation. Theseincludingthe

IBO, a larger-scalecontinental convergence pattern, which is masked by the IBO unless

it is removed from the interannual time series, and a third, mostly subtropical mode

associated with the western Gulf of Mexico reference point.

Statistically significant interannual anti-correlation of the southeasterly flow over

Arizona/New Mexico with the LLJ, present in the CCP and subtropical modes, perhaps

reflects interannual anti-correlation between the GPLLJ and the Gulf of California and an

observed interannual anti-correlation between precipitation in the southwestern U. S. and

that over the Great Plains observed by Higgins et al. (1998). This low-level flow anti-
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correlationis veryevidentfor interannualclimatologicalanomaliesrestrictedto the

monthof July andfor intraseasonalanomalieson theweeklytime scaleaswell.
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APPENDIX A

Computation of Intraseasonal Variances

Thedaily variance Vdaily,j for the jth week (8-day period) is

Vdaily,j -- [_]i (gi,j - Uweek,j) 2] / g - (Zi Ui,j 2 ) / 8 - Uweek,j 2,
(A.1)

where Uid is the daily average for the ith day of the jth week of the variable U, Uweekd is

the weeky average for the jth week, and the summation _]i is over the daily index i. The

synoptic-scale variance is simply taken as the mean weekly variance for the 240 weeks of

the entire 15-year period or

Vsyno p = (_]j Vdaily,j )/240

= {_]j [Zi (Ui,j- gweek,j) 2 ] / 8 } / 240

= {Zj [Zi Ui,j 2 ] / 8 } / 240 - (Zj Uweek,j 2) / 240

= (:ci,jui,j2) / (Sx240) - (EjUweek,j2) / 240.

(A.2)

This can be rewritten as

Vsynop = [(_-,i,j Ui,j 2) / (8x240)- Uclim 2] - [(_j Uweek,j 2) / 240- Udim 2].

-- gdaily- Vweekly,
(A.3)

where Uclim is the climatological mean value of the variable U over the entire 15-year

period of the reanalysis, where the summation Zj is over the monthly index j, where the

summation _]i,j is over both the daily index i and the monthly index j, and where Vdaily

and Vweekly are the total daily and the total weekly variances, respectively, of the variable

U about the 15 -year mean Uclim-
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Similarly, thesupersynopticandseasonalvariancescanbewritten as

Vsupersy n - [(_j Uweek,j 2) / 240 - Uclim 2] - [(]_k Umonth,k 2) / 60 - Uclim2].

-- Vweekly- Vmonthly, (A.4)

and

Vseasonal - [(_k Umonth,k 2) / 60 - Uclim 2] _ [(_]t Uyear,[ 2) / 15 - Uclim2].

-- Vmonthly- Vinterannual , (A.5)

where Vmonthly and Vinterannua 1 are the total monthly and the interannual (season-long)

variances, respectively, of the variable U about the 15 -year mean Uclim , where Umonth, k is

the monthly average for the kth month, where Uyear, t is the seasonal average for the [ th

year, and the summations Xk and Xt are over the monthly and annual indices k and [,

respectively. The random supersynoptic and seasonal variances, shown as standard

deviations in Fig. 7, are the same as (A.4) and (A.5) except that the variance due to the

mean 15-year climatological seasonal cycle is subtracted out from Vweekly and Vmonthly.

Thus,

grand supersyn = grand weekly- grand monthly, (A.6)

and

where

grand seasonal -- grand monthly-- Vinterannual, (A.7)

grand weekly -- [(_j Uweek,j 2) / 240] - [(Zk Uclim week,k 2) / 16] (A.8)

and

grand monthly -- [(_]k Umonth,k 2) / 60] - [(Zt Uclim month, t 2) / 4]. (A.9)

Here Uclim week,k and Uclim month,[ are the mean values of U averaged over the kth week of

all 15 years and the [ th month of all 15 years, respectively, of the reanalysis data set.
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APPENDIX B

Computation of the Intermittent Biennial Oscillation (IBO)

The mean deviation (or signed amplitude) of the intermittent biennial oscillation for

the time series Uyear for the six-year period 1980-85 can be naively defined as:

UIBO - (1/6) x (U1980 -!- U1982 + U1984 - U1981 - U1983- U1985 ) / 6 (B.1)

Suppose, however, that the mean slope per year, Uslope, of the time series during that

period is non-trivial, and that the variable Uyea_ therefore has a mean !ine_ trend,

Tyear - Uslope x (year- 1982.5). (B.2)

According to (B.1), the linear trend Tyear possesses a biennial oscillation of mean

deviation

TIBO - (T1980 + T1982 + T1984- T1981 - T1983- T1985) / 6 --3 Uslope / 6, (B.3)

even though it by itself shows absolutely no oscillatory behavior. Thus only a portion of

the mean deviation UZBO diagnosed in (B 1) truly represents the IBO. It is necessary

therefore to detrend the time series Uyear before determining the true amplitude of its

IBO.

4- YY l.I. L_To detrend the time series Uyear, we '-"q'-

Dyear - Uyear - Tyear, (B.4)
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whereTyear is defined in (B.2) and where we have chosen to set

Uslope -- (U1984.5 - U1980.5) /4.

= ( (U1984 + U1985)- (U1980 + U1981) ) / 8, (B.5)

to ensure that the slope of the filtered time series is identical to that of the original one

Uyear,

The mean deviation of the detrended time series is

UDIBo -- (D1980 + D1982 + D1984- D1981 - D1983 - D1985) / 6

= (U1980 + U1982 + U1984- U1981- U1983- U1985) / 6

- (Tt980 + T1982 + T1984- T1981 - T1983- T1985) / 6

= UIBO - TIBO

= UIBO - Uslope / 2. (B.6)

The filtered time series with the IBO removed is the set of equations:

UB 1980 - U1980 - UDIBo (B.7)

UB1981 -" U1981 + UDIBo

UB1982 = U1982- UDIBo

UB1983 = U1983 + UDIBo

UB1984 = U1984- UDIBo

UB1985 = UI985 + UDIBo

UB1986 - U1986

UB1987 = U1987

etc.
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Indeed, we see that the slope for the filtered time series UByearis

UBslope - ((UB1984 + UB1985)- (UB1980 + UB1981) ) / 8

= ( (U1984+ U1985)- (U1980 + U1981) ) / 8

= UsIope.
(B.8)
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FIGURECAPTIONS

Figure 1. Time seriesof GPLLJwind-speedprofilesoverFt. Worth,Texasfor August

1993for anassimilationcarriedout with theGEOS-1DAS with conventionaldataonly

(coloredshading)andfor asecondvalidationanalysisusingbothconventionaland

significant-levelwind databutnot theDAS (thecontourlines).

Figure2. Themeandiurnal cycleof low-level (cy- .97,about250 m abovethesurface)

meridionalvelocity (contoursof i m s-1,thezerocontouris omitted),windvectors

(referencearrow - 10m s-1),andBonnercriterion-1jet _,,_,,_._,,.y_,',_,_,,,',,-',_(percent,shaded).

Thecycleis averagedover the 15warmseasons(May-August)of theGEOS-115-Year

ReanalysisDataSet. Local timesarea)1800CST,b) 0000CST, (contoursof 2 m s-l),

c) 0600CST(contoursof 2 m s-1), and d) 1200 CST, (contours of I m s-1), approximately

6 hours earlier than the UTC times.

Figure 3. a) The 15-year, warm-season mean low-level wind vectors (reference arrow

= 10 m s -1) and low-level meridional velocity (contours of I m s -1, the zero contour is

omitted) and b) wind vectors and Bonner criterion-1 jet frequency (contours of 5 per

cent) assimilated by the GEOS-1 Reanalysis Data Set.

Figure 4. The 15-year, summertime (June-August) mean Bonner criterion-1 jet

frequency (contours of 10 per cent) and low-level wind vectors (reference arrow

= 10 m s-1) assimilated by the GEOS-1 Reanalysis Data Set over the region of the NOAA

Wind Profiler Network for a) 0600 UTC and b) 1200 UTC. The "X"s near the

Oklahoma/Nebraska border denote the location of the ARM SGP CART site where

Whiteman et al (1997) observed about 50% frequency of Bonner criterion-1 jets at both

0500 UTC and 1100 UTC.
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Figure5. Themeanseasonalcycleof low-levelmeridionalvelocity (contoursof I m s -1,

the zero contour is omitted), wind vectors (reference arrow - 10 m s-l), and Bonner

criterion-1 jet frequency (per cent, shaded) during the warm season May-August. The

cycle is averaged over the 15-year period of the GEOS-1 Reanalysis Data Set.

Figure 6. Standard deviation of the mean diurnal cycle of Fig. 2 (panels a and c), and the

mean seasonal cycle of Fig. 4 (panels b and d). Low-level meridional wind (shaded,

contour interval ,25, .15 m s -1) is shown in panels a and b and Bonner criterion I jet

frequency (shaded, contour interval 5, 2 per cent) is shown in panels c and d. These are

supe_ri_m-posed over the 15-year, warm-season mean !ow-!evel wind vectors (reference

arrow - 10 m s-l).

Figure 7. Standard deviation of low-level meridional velocity (shaded, contour interval

.5 rn s-1) associated with natural, random variability on a) the synoptic time scale (more

than a day and up to 8 days), b) the super-synoptic time scale (more than 8 days and up to
.....

a month, with the mean seasonal cycle removed, with an extra dashed contour for

2.75 m s-l), c) the seasonal time scale (more than a month and up to a season, with the

mean seasonal cycle removed, contour interval .25 m s-1), and d) the interannual time

scale (wan_-season averages, contour interval. 1 m s-1 with an extra dashed contour for

0.9 m s-l). Vectors are mean low-level flow (reference arrow - 10 m s-l).
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Figure 8. Cross-sectionsof themeanlow-levelmeridionalvelocity (ms-1)at30°N

latitudea) for eachof the15warm seasonsof theGEOS-1ReanalysisDataSetwith the

interannualstandarddeviationin thegrayline with trianglesandb-d) repeated,5 or 6 ata

time,with thesamesequenceof colors,line styles(solid,dashed,or dotted),andline

markings (nomarkings,opencirclesor closedsquares)andlabeledby year. Noticethe

markedbiennialoscillationof theprofilesduring thefirst 6years(1980-85)of thedata

set(panelb).

Figure 9. Theintermittentbiennialoscillationin a) low-levelmeridionalwind (shading,

contourinte_'al .3m s-1,zerocontouris omitted,but thereareextradashedcontoursfor

-.15and.15 m s -1) and wind vectors (reference arrow- 1.5 m s-l), b) Surface temperature

(shading, contour interval .5 K) with low-level wind vectors; c) surface pressure

(shading, contour interval .1 hPa) with low-level wind vectors; and d) 200 hPa height

•

(shading, contour interval .5, 1, 1, 2 m) and 200 hPa wind vectors (reference arrow

= 2 m s-l).

Figure 10. Interannual covariance of low-level meridional wind (contour interval

.2 m s-1, zero contour is omitted) and wind vectors (reference arrow - 1 m s -i) with

meridional wind at a) 42°N, 97.5°W, b) 30°N, 97.5°W, and c) 22°N, 95°W, normalized

by the interannual standard deviation of the meridional wind at the relevant reference

point to give units of velocity. Confidence intervals of 99% (95%) are shaded in the dark

(light) tone. (See the text for details.) Panels d-f are the same as above but with the IBO

removed from all time series. Panels g-i are the same as panels d-f but for the covariance

of reference-point winds with surface pressure (contour interval. 1 hPa) and without

confidence intervals.
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Figure11. Normalizedinterannualcovarianceof monthly anomaliesof low-level

rneridionalwind (contourinterval .3m S-1, zero contour is omitted) and wind vectors

(reference arrow -1 m s -1) with meridional wind for the Texas reference point for May

through August (panels a through d, respectively). Confidence intervals of 99% (95%)

are shaded in the dark (light) tone, as in Fig. 10.

Figure 12. Temporal coherence of interannual anomalies in the vicinity of the UGP

reference point. Time-lag covariances between climatological anomalies of weekly-

averaged low-level meridional wind (contour interval .2 m s -1, zero contour is omitted)

and wind vectors (reference arrow - 0.5 m s-i) and similar meridional wind anomalies at

42°N, 97.5°W, normalized by the standard deviation for variations of the reference point.

Lag covariances progress one week per panel (left to right) from -4 weeks (panel a) to

+4 weeks (panel i). Note that the contour interval is 1 m s -1 and the reference

arrow =1.5 m s-1 for the 0-week lag (panel e). Confidence intervals of 99% (95%) are

shaded in the dark (light) tone, as in Fig. 10.

Figure 13. Temporal coherence of interannual anomalies in the vicinity of the Texas

reference point, 30°N, 97.5°W. Similar to Fig. 12.

Figure 14. Temporal coherence of interannual anomalies in the vicinity of the Gulf

reference point, 22°N, 95°W. Similar to Fig. 12.

37



TO • ,- o • -- - ] .... . ....... -

Figure 1. ]me senes of GPLLJ wi_d, spaed profiles over Ft. Worth, Texas ¢or A_gust 1993 for ant _ass'maitation earri,ed :out with the

GEOS-1 DAS wire conventional data only (:eo i_ed shadia:g) and for a s_¢:ond ,.validation analysis using, iho_ _eonv,entional and significant-level wind data " • " " ....butnot the DAS (the contourlines).



o)
50 Mean diurnal cyc @97) & jetfr-OOZ; May-Aug 1980-94

40

35

30

25

./././
201

-70 -130 -120

Figure 2. The mean diurnal cycle of low-level (o- .97, about 250 m above the surface) meridional velocity (contours of 1 rn s-Z, the

zero contour is omitted), wind vectors (reference arrow- 10 m s-_), and Bonner criterion-1 jet frequency (per cent, shaded). The cycle
is averaged over the 15 warm seasons (May-August) of the GEOS- 1 15-Year Reanalysis Data Set. Local times are a) 1800 CST,

b) 0000 CST, (contours of 2 m s-_), c) 06.00 CST (contours of 2 m s-l), and d) 1200 CST, (contours of 1 m s-1) approximately 6 hoursearlier than the UTC times.
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